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This paper focuses on the underpinning-induced ground movement due to jet-grouting. Jet-grouting
technique can cause distortions as a result of an inaccurate processing sequence and/or errors made at
different stages of work execution. The aim of this paper is to determine the minimum value of such
movement on the basis of the ﬁndings obtained at two similar construction sites located in the Historical
Center of Moscow, considering that the maximum value is usually unpredictable. Numerical simulation
of the process of soil eroding agrees well with the observational data at the current stage. It was found
that the minimum value of deformations (only settlement was considered in this study) due to jet-
grouting is no less than 2e3 mm. By contrast, the negative scenario of deformation due to foundation
underpinning is clearly demonstrated. Also, this paper provides some general solutions for excavation
supporting system as well as for underpinning design.
 2014 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Before launching a project, a comprehensive geotechnical
analysis needs to be conducted in order to ﬁnd an appropriate
design approach and to minimize the potential impact on the
adjacent buildings and utilities. Usually, geotechnical engineers use
analytical method and numerical simulation in association with
their practical knowledge and skills to deﬁne the admissible de-
formations (Burland, 1995). The latest boom in construction has
enabled engineers to gain considerable experience in analyzing the
geotechnical situations and provided possibilities of comparison
between predicted deformations and actual ones. Some analyses
have also revealed negative occurrences which need further
investigation so that they could be taken into account in the future
projects, especially in the complex projects that require great ac-
curacy. This may be achieved by conducting comparative analyses
of the ﬁeld observations with the predicted results obtained by
advanced constitutive models (Boone, 2001; Finno et al., 2005). In
particular, this kind of analysis allows further higher quality soiland Soil Mechanics, Chinese
sevier
anics, Chinese Academy of
rights reserved.investigations and consideration of case histories in similar con-
ditions. However, the main challenge is that there are still some
aspects that we, as engineers, are unable to anticipate.
The issue of the geotechnical analysis precision is extremely
important, and some research activities are being undertaken in
Russia in general (Resin et al., 1996; Ilyichev et al., 2001; Yurkevich,
2004) and at NIIOSP particularly in this regard (Mozgacheva et al.,
2007; Razvodovsky et al., 2008; Razvodovsky, 2011; Chepurnova,
2013). A summary of the most signiﬁcant causes of failure versus
their predicted values (Kolybin, 2008; Shishkin et al., 2010;
Razvodovsky, 2011) is given in bar chart in Fig. 1. The ‘error’ bar
in Fig. 1 is explained below in Section 3.
The construction of new buildings with deep underground
infrastructure in urban environment often involves excavating
retaining structures in the vicinity of the already existing structures.
On the other hand, as the increasing population pressure drives the
need for more infrastructures while simultaneously leading to
occupation of larger surface space for residential and other types of
developments being customary for major metropolises, the under-
ground constructions will continue to ﬂourish as the preferred so-
lution for infrastructure provision especially for the parking spaces.
Jet-grouting is a well-elaborated technique employed in under-
pinning projects to minimize settlements and to provide both exca-
vation support and load perception over the world (Burke, 2010;
Pinto and Pita, 2010; Cihakova, 2013). The jet-grouting technique
brought new sense to the conventional injection technology which
seemed to be losing its popularity, and has become the greatest in-
vention in the last two decades in the ﬁeld of geotechnical engi-
neering. This is especially the case for a new asset with several
underground levels constructed in the Historical Center of Moscow.
Fig. 1. Causes of failure at a construction site versus their calculated values, where ‘0’
means that the value was not taken into account.
Fig. 2. Deﬁnition of the ground and foundation displacements due to the construction
of a new building in vicinity of an existing one: (a) underpinning of the existing
building foundations and the initial deformation mode (Suntechi , i¼ 1, 2, 3 e technological
settlement of single strip foundation row); (b) progressive deformation due to the
deep excavation activities; (c) construction completion.
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plications is presented. Emphasis is put on the perspective of two
recent construction sites located in Moscow, and the analysis of the
corresponding geotechnical aspects.
2. Technological settlements
While producing jet-grouting elements for underpinning the
existing foundations, an unpredictable damage can inevitably
occur. The knowledge of this damage is essential for the choice of
jet-grouting technique for underpinning. Practically, a preserved
building is affected by additional displacements (settlement or
heave); in some cases, their values are two times higher than the
admissible level. For this reason, the total settlement value can be
assumed to be the sum of the predicted settlements by numerical
modeling (SiFEM) and some unknown values related to general
execution accuracy, technology, etc. This total settlement value is
difﬁcult to be estimated, and this feature of displacements can
signiﬁcantly violate the entire mode of deformation. However, for
the majority of geotechnical projects, this situation tends to be
quite common, especially when studying older urban environ-
ments (Shishkin et al., 2010; Razvodovsky, 2011).
Deformations, particularly settlements, have occurred owing to
inaccurate process sequences, and have been appropriately termed
as technological deformations (settlements), Sitech, by the Russian
specialists (Ilyichev, 2008). The deﬁnition appears to be widely
accepted and correspondingly illustrated in Fig. 2.
The numerically predicted settlement, SiFEM (mm), of an adjacent
foundation due to deep excavation and underpinning can be
assumed to be
SiFEM ¼ Siun þ Siexc þ Siload (1)
where Siun, S
i
exc, S
i
load are the settlements due to the underpinning,
excavation and the construction work, respectively (units are all in
mm).
Whereas the total settlement at a site of the adjacent building
we consider can be written as
X
Si ¼ SiFEM þ Sitech (2)
According to example of a masonry building on three rows of
strip foundation (i¼ 1, 2, 3) in Fig. 2, it is generally considered that
S1FEM > S
2
FEM > S
3
FEM (3)
but
Smintech < S
i
tech < S
max
tech (4)
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2
FEM and S
3
FEM (mm) are the numerically predicted
settlement of each strip which are deﬁned in accordance with Eq.
(1); Smintech and S
max
tech (mm) are the minimum and maximum tech-
nological settlements due to underpinning foundation at the site,
respectively; Sitech (mm) is an average value of the technological
settlement at the site.
Advanced methods of numerical analyses based on the ﬁnite
element method (FEM) are widely used for the prediction of the
ground movements around deep excavation. Such analyses can
simulate the construction process with modeling various under-
pinning approaches and support conditions. However, successful
prediction cannot foresee any possible inaccuracy at a construction
site.
The aim of this paper is to demonstrate the inﬂuence of the
underpinning-induced consequences on masonry buildings and to
estimate the minimum value of technological settlements. Fig. 3
represents the settlement measured at one of the historical build-
ing sites (maximum and minimum values) and the one calculated
using PLAXIS 2D software. Fig. 3 justiﬁes the proposition that some
deformations due to underpinning occurred and its minimumvalue
is no less than 2e3 mm.
3. Cases of unpredictable displacements
One of the biggest difﬁculties for understanding the jet-grouting
process is that there are so many interrelated parameters which, in
fact, make the numerical modeling very complicated.
The technological settlements arise from complex errors made
at different stages, from the geological investigation to the work
performance (Razvodovsky et al., 2008; Razvodovsky, 2011), as
follows:
(1) Inaccuracy in the geological and hydrogeological investigations.
(2) Technical condition of the adjacent buildings has to be known
to proceed with an adequate stressestrain relationship.
(3) Estimation of the live load level.
(4) Finite element modeling and determination of an appropriate
constitutive model.
(5) Inaccuracy in the jet-grouting process: velocity of cutting and
mixing the column, jet nozzle diameter, grouting pressure,
water-cement ratio, backﬂow removal.
(6) Quality control of material uniformity.
(7) Lack of engineering experiences in collaboration in underpin-
ning projects, absence of technically-skilled foreman on site,
poor organization of the construction process, attempt toFig. 3. Comparison of the measured value of technological settlement with the
calculated one: Smaxtech ; S
min
tech e maximum and minimum observed technological settle-
ments in mm (see Section 5); StechFEM e numerically predicted technological settlement in
mm (see Section 6).minimize costs using low-grade materials, inability to take on
qualiﬁed staff, etc., can be deﬁned as human factors or human
errors (see sign ‘N/A’ in Fig. 1).
It is critically important to deﬁne a procedure for assessing,
monitoring and mitigating the effects of ground settlement caused
by underpinning construction on free-standing buildings (“the
settlement policy”).4. Observed building response to underpinning
4.1. The Historical Complex in the center of Moscow
The asset under study is one of the historical buildings located in
the center of Moscow (Fig. 4). It is an extensive complex over 200 m
long and about 100 m wide; its construction was completed in
about 1865. This Historical Complex (HC) consists of a preserved
external building (Block A, see Fig. 5) and four internal rectangular
buildings joined together by a single basement ﬂoor. It was one of
the ﬁrst buildings with central heating in Moscow at that time. This
complex includes three main ﬂoors above the street level and one
below. The foundations are thought to comprise a masonry pad and
a strip. Internal buildings were demolished in order to allow the
construction of a new one.
The new construction (Block B) is a modern multifunctional 6-
storey building with three underground levels on the monolith
slab foundation with trencher reinforced-concrete column located
below the internal facades of the existing Block A (see Fig. 5). The
project was conducted and designed by Mosproekt-2, named after
M. V. Posokhin (Moscow State Unitary Enterprise for the Public
Buildings Design Coordination). The enclosing diaphragmwall is of
800 mm thick and 20e22 m deep and lined up at over 2 m distance
from the external structure constructed by applying a slurry-trench
technique. Semi-top-down excavation under protection of perma-
nent ceiling has led to ground movement improvement. Moreover,
each single foundation and a strip of Block A were underpinned to
protect the historical facades, internal barrel vaults and reinforced
foundation as well to support the increasing loads (from 120 t to
300 t). The site geological condition shown in Fig. 5 was also in
favor of jet-grouting application.4.2. Geological and groundwater conditions
The construction site is situated in the Historical Center of
Moscow near the embankment of the Moskva River. The geologicalFig. 4. Typical historical view of the center of Moscow in the 19th century.
Fig. 5. Cross-section of the new underground construction (Block B) inside the pre-
served building (Block A).
Fig. 6. Fragment of a typical soil proﬁle with grouted depth (dashed line) for the
historical building in the center of Moscow (HB).
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north and the south borders is up to 5 m; there is a signiﬁcant
archaeological layer depth, about 8e11 m. According to the
cultural-geographical environment tendencies and bearing in mind
their accumulation dating back to the city foundation, these young
sediment deposits are believed to consist of many techno-genic
elements.
As geological proﬁle is complex (see Fig. 6, Table 1). The upper
soil layers consist of Quaternary deposits: ﬁlling, ancient alluvial
sands of various grains, morain clay loams and ﬂuvio-glacial sands
of various grains, and soft sandy loams. The total depth of the
Quaternary soils varies from 15 m to 27 m. The site is located on the
terrace above the ﬂoodplain of pre-glacial erosion cut in which the
regional Upper Jurassic aquifuge was fully washed out and Qua-
ternary sediments deposited right on top of Upper Carbon rocks.
Two aquifers are observed at the depth of 30 m. The upper one
saturates the Quaternary sediments; it is revealed in ﬁlled grounds
and in ancient alluvial and ﬂuvio-glacial deposits at a depth of 5.4e
21.6 m. The second aquifer saturates the crushed Upper Carbon
limestones at a depth of 25e27 m and below. Both aquifers are
unconﬁned.Table 1
Soil parameters.
Soil Type g (kN/m3) 4 () c (kPa) E (MPa)
t-QIV Fill 18 8 18 13
a-QIIIL Sand 16.6e17.6 30e32 1 23e29
g-QIId Loam 20.1e20.4 12e18 34e55 25e32
f-Qo-dII Sandy loam 19.8 25 17 18
Sand 16.7e18.4 30e33 1 26e31
Sand 18.5 34 1 28
gl-Qo-dII Loam 19.3 12 31 144.3. General design solutions
The design and execution of the underpinning project were
worked out gradually by several divisions of NIIOSP and included
the following steps:
(1) Numerical modeling of the stressestrain relationship of Block B
by accounting for the soilestructure interaction.
(2) Finite element analysis of the soil massif and assessment of the
inﬂuence of excavation activities on existing Block A.
(3) Underpinning procedure elaboration that is described below:
The foundations were underpinned associated with a combined
scheme characterized by a mix-technique application: mini-jet and
single ﬂuid system (jet-1). This combined scheme produces good
results at some construction sites in Moscow (Shishkin et al., 2010).
Also the scheme was proved to ensure the safety of the external
historical building (total settlements shall not exceed 10 mm). The
application of this method ensures high precision and is an effec-
tive way to minimize the settlement impact on the surroundingbuildings. At ﬁrst, the pad and the strip foundationwere reinforced
with four crossmini-jet elements (f 0.3 m) in order tominimize the
technological settlements. Afterward, the jet-grouted columns (f
0.8 m), four on each pad foundation, were erected to underpin the
structure.
(4) The minimum unconﬁned compressive strength (UCS) that
should not be lower than 0.4 MPa for the jet-grouted columns
(jet-1) and the diameter of the mini-jet steel bar (f 57 mm)
were determined considering an adequate new live load.
(5) Project planning.
(6) Field test for improving the technique adopted and making
quantitative tests.
(7) Project modiﬁcation in real time in course of execution.
(8) Monitoring on site.
It is noted that in the underpinning process, a length of
approximately 37 kmwas grouted (jet-1); about 11,500 t of cement
was used, and a length of 18.3 km steel bars was installed (f
57 mm), within 3 months. The laboratory UCS-data conﬁrmed the
value adopted in the project on the 7e10th day. At the time being,
the excavation is still in progress.
Fig. 8. (a) Construction site layout and (b) its cross-section.
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ference in foundations’ depth was recorded, i.e. about 2 m deeper
than the expected at some location points.
4.4. Business & Cultural Center
The new Business & Cultural Center (BCC) is being built at an
enormously congested site surrounded by 9-storey masonry
apartment houses, existing urban environment and a historical
building (see Fig. 7). The Rumyantsev Palace was one of the
remarkable buildings in Moscow Kitay-Gorod area not far from the
Kremlin in early 1900. It was constructed in 1782 by the architect
Vasily Bahzenov (conceivably) and now housing the Embassy of the
Republic of Belarus. The underground part of a new BCC is 11 m
deep of irregular shape in plan. Additionally, it is constrained by
existing buildings: the distance between the foundations and a
diaphragm wall is 1.0e1.2 m (see Fig. 8a). The project and the
designwere undertaken by OJSC StroyProekt and LLC ECCPF. The 4-
storey monolith building is constructed in the north of the site. The
activities are performed in view of the diaphragm wall (600 mm
thick) and a sealing wall dividing the pit into two parts; the afore-
mentioned pits were excavated one after another applying two
levels of strutting support.
The geological proﬁle condition is typical for the city center and
has similar soil parameters as described earlier (see Table 1 and
Fig. 6).
4.5. Underpinning design approaches and their implementation
The extremely constrained situation at the site, the higher re-
quirements for the safety of the existing apartment buildings and
utilities and the complicated geological conditions require a special
design program. This design was elaborated with the active
participation of LLC ECCPF and analyzed in this paper. In order to
prevent excessive deformations of the adjacent structures in course
of the trench excavation activities to cast the diaphragm wall and
for the sake of the buildings preservation in case of soil softening
under the foundations footprint, it was decided to proceed with
underpinning by means of bored micropiles f 159e180 mm, and
jet-grouting columns f 600 mm (jet-1) as a joint sealing between
them.
Finite element analysis has been done to simulate the excava-
tion and to predict the behaviors of the diaphragm wall and adja-
cent foundations. Modeling was elaborated by means of a liner-
elastic model (MohreCoulomb) and an advanced model (hard-
ening soil). The value of the additional settlements of the adjacent
buildings at the pit excavation stage with both models was found toFig. 7. Prospective sight of a new Business & Cultural Center (BCC).be 9e10 mm. The results show that the underpinning solution and
diaphragm wall strength were ensured for all the analyzed cross-
sections. Moreover, this comparative research with the two
models gave correlated results for soil deformations and for
maximum bending moment in diaphragm wall (over 600 kPa) as
well as corroborated scheme selected (micropilesþ jet-grouting
columns).
The implementation of the design approaches began with
micropiles execution which showed negligible vertical displace-
ments (see Fig. 9). At the second stage, after the micropiles concrete
gained its 70% strength, jet-grouting columns were executed. The
maximum technological settlements value resultant from the un-
derpinning of the adjacent buildings within the limits of the
development site was found to be higher than 10 mm (marks 5 and
6 in Fig. 10b). The monitoring at the site was done by KTB GB.
Further analysis revealed the occurrence of the consecutive faults:
three-dimensional rigidity of the building (mark 5) was signiﬁ-
cantly reduced by the demolition of the 2/3 of the columns in the
central vertical row and all diaphragms on the basement ﬂoor. The
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A. Chepurnova / Journal of Rock Mechanics and Geotechnical Engineering 6 (2014) 105e112110bearing capacity of the external bricklayingmasonrywall facing the
excavation pit was increased by partly stripping and grinding the
masonry; a blow-out during the jet-grouting of the columns was
witnessed, and caused, as expected, by higher pressure whichFig. 10. Precise leveling data of the technological settlements resulting from the ac-
tivities as follows: A e underpinning-induced, B e retaining wall-induced, C e
excavation-induced and compared with recent total settlement (D) and predicted
value (E) for, (a) the Historical Complex, and (b) the Business & Cultural Center.ultimately led to a large soil movement (see Fig. 9). Of course any
meddling in the existing structures impacts their stability and
causes devastating effect. The building marked 5 in Fig. 8a, was
reinforced by U-sections and the construction activities were
continued. At the moment, the excavation is being in progress.
5. Monitoring on sites
Considering the complexity of the described solutions, a wide
monitoring program is applied on both assets. The program in-
cludes measurements of the adjacent buildings settlements, visual
checks and sensitive instrumental control of the crack behavior.
Measurements of the settlements are performed by leveling special
marks installed on four rows of the columns of the preserved Block
A, the HC asset (see marks 1e4, Fig. 5), and on facades of the
buildings around BCC asset (see marks 5e7, Fig. 8a). Data are
collected at least once a week. The results of monitoring justiﬁed
the elaborated underpinning scheme on a regular basis, and are
respectively shown in Figs. 10 and 11.
The bar charts in Fig.10 reﬂect the technological settlements in 3
distinct steps within the entire design performance. In general, we
notice signiﬁcant differences in both the supporting arrangements
and the total vertical displacements.
There are some general activities which show relatively little
impact, such as retaining wall-induced (approximately less than
2.1 mm on HC and virtually 2.5 mm on BCC) and pit excavation-
induced (maximum 1.6 mm on HC and over 2 mm on BCC). By
contrast, the settlements that might be classiﬁed as ‘technological’
and triggered by underpinning HC and BCC are quite intensive:
from 2 mm to 4.8 mm and from 4.4 mm to 6.7 mm, respectively. It
is interesting to note that even among the observed items normally
considered alike, such as Sitech caused by jet-grouting, there are
some discrepancies in HC and BCC. The former was measured to
deﬁne the minimum value of at least 2.8 mm (marks 1e4), while
the latter was assessed at around 2.4 mm (marks 5e7).
In conclusion, it appears that there is a clear pattern in the
relatively minimum value of technological settlement, which is no
Fig. 11. Veriﬁcation of the recorded displacements (Sum) versus their calculated
equivalents (FEM) for Block A (HC).
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obtained similar column displacements.
The measured displacements for mark 5 (facade wall of the
underpinned building) are presented in a more detail in Fig. 9.
Taking into account all construction stages, there were 57 leveling
survey campaigns in total.6. Results of back analysis
The minimum value of technological settlement was obtained
by simulating stressestrain relationship during the consecutive
process of eroding of soil partly mixed with cement grout. It was
carried out by means of the ﬁnite element software PLAXIS. This
work was done in order to estimate the minimum ground distor-
tion during the HC project execution. The obtained numerical value
is compared with the monitoring data and should be no less than 3
mm. Also, the predicted settlement values due to the excavation
activities are compared with the actual ﬁeld measurements with
regard to a negligible distance (less than 2.0 m) between the
existing building and new structure. The measured and predicted
technological settlements agreed quite well (see Fig. 3), validating
the choice of the soilcrete column spacing for reinforcing the strip
foundations of Block A. Thus, it makes sense to consider the
probable minimum value of technological settlements in such
projects.7. Conclusions
The example of application of jet-grouting technique to under-
pinning the masonry foundations considered in this study has
demonstrated the importance of taking into account the
underpinning-induced displacement value, especially when a real
value of incremental displacement can be over- or under-estimated
for some reasons.By applying a ﬁnite element modeling associated with personal
experience, an engineer can predict the minimum value of the
damage, namely the ‘technological settlement’ due to the founda-
tion underpinning. It is particularly important for jet-grouting
technique that depends on many interrelated parameters.
The minimum ‘technological settlement’ was calculated and
justiﬁed with the reference to some geotechnical sites in the center
of Moscow, and consequently it proves to be no less than 2e3 mm.
The selection of the underpinning techniques for the adjacent
buildings should be proved with regard to the minimum ‘techno-
logical settlement’. In particular, this makes sense for the ‘aesthetic’
category (negligible degree of severity) of buildings.
However, the suggested schemes will be further validated with
more observational data in order to be used for quantitative
assessment of the minimum value of ‘technological settlement’.Conﬂict of interest
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